Visual display systems such as the out-the-window or head-down displays of a simulator present a visual scene that is sampled in both the spatial domain (by the display resolution) and the time domain (by the display refresh rate). For a given human visual temporal sensitivity, spatial-frequency content of the scene, and speed of the image motion, spatiotemporal aliasing can occur when the image is sampled at a rate that is too low. The effects of spatio-temporal aliasing on visual perception are understood to some extend. However, not much is known about the effects on pilot performance in active control tasks. This paper presents the results of an experiment to determine the effects of spatio-temporal aliasing on pilot performance and control behavior in a target-tracking task. To induce different levels of spatio-temporal aliasing, the refresh rate of the experimental display was varied among five different levels. The results indicate that pilots adopt a different control strategy when the display refresh rate is increased from 60 to 120 Hz. The visual gain and neuromuscular frequency of the identified pilot model increase, while the visual time delay decreases. This change in control strategy allows for a higher tracking performance at higher display refresh rates as indicated by a decrease in root mean square of the error signal and an increase in crossover frequency.
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I. Introduction
In flight simulation, many challenges exist in accurately simulating the outside visual scene from the simulator cockpit. Techniques have been developed to improve the quality of the static simulated visual scene. However, as aircraft move, the quality of the visual scene in motion should also be considered. When motion is introduced in a simulated visual scene, perceptual artifacts, such as motion induced blur and spatio-temporal aliasing, can become apparent.
1, 2
Spatio-temporal aliasing is associated with temporal sampling of a moving image and depends on both the refresh rate (temporal sampling) and the image resolution (spatial sampling). When a moving image is sampled at a refresh rate that is too low, spatio-temporal artifacts will become visible to the human observer and the sampled image will not be an accurate simulation of the original scene. Watson et al. proposed and experimentally validated a theory that predicts the visual conditions at which a human observer would be able to detect the refresh rate at which sampling becomes detectable. 3 For images with a less than eyelimiting maximum spatial frequency, the critical sampling frequency -that is, the frequency where aliasing becomes apparent -is found to be a function of human temporal sensitivity, speed of the image motion, and spatial resolution of the image. In previous experiments, the perception of spatio-temporal aliasing artifacts was studied in passive tasks. [3] [4] [5] These studies indicate that at higher image resolutions (for a given refresh rate), the visibility of spatio-temporal aliasing artifacts will occur at lower image velocities. Increasing the refresh rate of the display device reduces the visibility of these artifacts.
In a flight simulator most piloting tasks require pilots to utilize visual information displayed by the outside visual system or head-down displays. However, very little research has been performed to determine the effects of spatial-temporal aliasing on pilot performance in these tasks. Dearing et al. showed that the sink rate in an autorotative descent and landing of a Blackhawk helicopter was worse with a high resolution ground texture compared to lower resolution textures. 6 The highest resolution texture induced significant spatio-temporal aliasing compared to the lower resolution textures. It is hypothesized that the drop in performance was a result of impaired velocity perception caused by spatio-temporal artifacts.
The current study aims to provide more insight into the effects of spatio-temporal aliasing on pilot performance in an active control task. An experiment was conducted in which 10 general aviation pilots performed a target-tracking task, while the refresh rate of the CRT monitor displaying a compensatory display was varied across five different refresh rates. The spatial frequency of the stimulus and the speed of the stimulus motion were kept constant for every condition. With increasing refresh rate, spatio-temporal aliasing artifacts were less apparent and the stimulus motion appeared to be smoother. In addition to studying the effects on pilot performance, the impact on pilot control behavior was analyzed by estimating the parameters of a pilot model using the experimental data.
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This paper first gives a discussion on spatio-temporal aliasing and the consequences on human visual perception in Sec. II. Next, the experiment setup will be described in Sec. III, after which the results will be given in Sec. IV. The paper ends with a discussion and conclusions.
II. Spatio-Temporal Aliasing
Out-the-window and head-down displays of flight simulators present visual scenes that are sampled both spatially and temporally. 3 The spatial sampling rate is determined by the pixel frequency, or resolution, of the display device and the temporal sampling rate by its refresh rate. Aliasing occurs when the image is sampled using a sampling rate that is too low. A sampled signal that is periodic and contains frequencies above the Nyquist frequency -that is, half the sampling frequency -will typically exhibit frequency content that is different from the original signal. When aliasing occurs, a sampled image will not be an accurate recreation of the original scene and distortions and artifacts will become visible to the human observer. Figure 1 gives an example of aliasing in the time domain. In Figure 1a , a sinusoidal signal with a fundamental frequency of 1 Hz is depicted. The sampling frequency is 100 Hz, which implies that the Nyquist frequency is 50 Hz. No aliasing occurs, as the fundamental frequency of the sine wave is well below the Nyquist frequency. Figure 1b depicts the same sine wave, but now with a sampling frequency of 1.2 Hz. This means the fundamental frequency of the sine wave is now higher than the Nyquist frequency of 0.6 Hz, resulting in significant aliasing. The reconstructed signal is not an accurate recreation of the original signal and appears to have a different, much lower fundamental frequency than the original signal.
An example of spatial aliasing is shown in Figure 2 . Figure 2a depicts a texture of a sinusoidal grating with a fundamental frequency of 0.01 cycles/px. This fundamental frequency is much lower that the Nyquist frequency of 0.5 cycles/px. The same texture is depicted in Figure 2b , but with a much lower spatial resolution. In this case the fundamental frequency is 0.83 cycles/px, higher than the Nyquist frequency of 0.5 cycles/px. The reconstructed texture appears to be very different from the original texture. Note that for clarification, both the temporal and spatial aliasing examples are constructed using the same sine wave, that is, when not taking into account the units on the x-and y-axis, Figure 1 can be considered a cross section of the texture in Figure 2 . Spatio-temporal aliasing is related to the temporal sampling of an image in motion. A well-known example is the wagon-wheel effect. In a sequence of camera images of a spoked wheel rotating more than half of the angle between the spokes per frame, the rotational motion of the wheel is perceived in the direction opposite of the original direction. Although this is a special case of a repeating visual image due to the symmetry of the wheel, spatio-temporal aliasing can occur with any image sequence depending on the sampling rate and image resolution. In previous research, an analytical method was developed to predict when human observers can detect spatiotemporal aliasing. 3 The theory states that the critical sampling frequency -that is, the frequency where aliasing artifacts become apparent -is a linear function of the image speed:
with ω cs the critical sampling frequency, r the image speed, and u l and ω l the human limits of spatial and temporal resolution, respectively. This linear relation was experimentally validated in a two-interval forced-choice experiment where subjects had to distinguish a smoothly moving line from a line that was sampled at a certain refresh rate. The critical sampling frequency was determined for six different image speeds between 0 and 20 deg/s. The data from two subjects participating in the experiment and the linear data fits are depicted in Figure 3 . An increase in critical sampling frequency can be observed for an increase in image motion speed. Note that the spatial resolution limit is almost equal for both subjects (30 and 33 Hz), but the temporal resolution limit is significantly different (6 and 13 cycles/deg). Although the data in Figure 3 supports the theory of a linear relationship between critical sampling frequency and image motion speed, the estimates of the human limits of spatial and temporal resolution are thought to be too low for both subjects. This can mainly be explained by the fact that the analysis is based on the discrimination between sampled and continuous motion, not on assessing when spatio-temporal artifacts become noticeable, distracting or impact task performance. However, the data still gives some indication of a lower estimate of the monitor refresh rate required to eliminate spatio-temporal artifacts for a given speed of a moving line. For a full moving image -with a wide range of spatial frequency components -known non-linear interactions across frequency components, such as masking, exist. These interactions are not reflected in the results depicted in Figure 3 .
III. Experiment
A. Method
Active Control Task
To study the effects of spatio-temporal aliasing on pilot performance and control behavior in an active control task, pilots performed a target-tracking task, minimizing the error e between a target signal f t and the controlled system output y. This task is depicted in Figure 4 . The error between the target and system output was visualized by the distance between two vertical lines on a compensatory display, see Figure 5 . In this type of control task, the pilot can be modeled by a linear response function H p and a remnant signal n that accounts for nonlinearities in the pilot's output. The pilots in this study provided control inputs u to the controlled dynamics using left-right deflections of a joystick with a gain K c = 3. The controlled dynamics H c were given by:
These dynamics resemble single-integrator dynamics below a frequency of 0.2 rad/s and double-integrator dynamics above this frequency. According to the principles of McRuer's crossover theorem, these controlled dynamics require the pilot to generate lead at frequencies above 0.2 rad/s to compensate for the doubleintegrator dynamics around the crossover frequency.
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To measure skill-based pilot control behavior, a randomly appearing multi-sine signal was used as the target signal. The signal was a sum of twelve independent sine waves generated using the following equation:
with N t = 12 the number of sine waves, and ω t , A t and φ t the frequency, amplitude and phase shift of the k th sine wave, respectively. The measurement time of an individual experiment measurement run was T m = 68.267 s. With a total run length of 90 s and data logging at 120 Hz, this is the largest measurement time with a power of two data points (2 13 = 8192). The sinusoid frequencies ω t (k) were all integer multiples of the measurement time base frequency, ω m = 2π/T m = 0.0767 rad/s, and were selected to cover the frequency range of human control.
A second-order low-pass filter was used to determine the amplitudes of the individual sines:
with T A1 = 0.1 s and T A2 = 0.8 s. The absolute value of the filter at a sinusoid frequency gives the corresponding sinusoid amplitude. The reduced magnitude of the amplitudes at higher frequencies yields a tracking task that is not overly difficult. 8 The amplitude distribution was scaled to attain a target forcing function with a standard deviation of 100 px. Given the display resolution, the dimensions of the screen, and a viewing distance of 2 ft, this is equivalent to a visual angle of 3.763 deg.
To determine the forcing function phase distribution, a large number of random phase sets were generated. The set that yielded a signal with a probability distribution closest to a Gaussian distribution, without leading to excessive peaks, was selected. 9 The final forcing function properties used in the experiment are summarized in Table 1 . A time trace of the target signal is given in Figure 6 . The y-axis in the figure indicates degrees of visual angle at a viewing distance of 2 ft. 
Independent Variables
For a given human temporal sensitivity, the visibility of aliasing depends on the refresh rate of the display, the maximum spatial frequency of the image, and the velocity of the image motion. Only one independent variable was varied in this experiment: display refresh rate. Five different conditions were performed where the refresh rate of the CRT monitor was either 60, 75, 90, 105 or 120 Hz. The maximum spatial frequency of the visual stimulus was constant during the experiment. The velocity of the stimulus is dictated by the derivative of the target forcing function defined in the previous section and the control strategy of the pilot. Although the velocity varies over time, implying that the intensity of the spatio-temporal artifacts varies over time, this variable can also be considered a constant between runs if the pilot adopts a consistent control strategy.
Apparatus
The experiment was performed at one of the vision labs of NASA Ames Research Center. The lab was completely blacked out; that is, no outside light could enter the room and the walls were covered in black fabric to reduce light reflections. The experiment computer was equipped with a NVIDIA Quadro FX 5500 video card and was running a Linux operating system. The experiment software was updating and logging data at 120 Hz, that is, at the highest monitor refresh rate used in the experiment.
The compensatory display shown in Figure 5 was depicted on a ViewSonic G225f CRT monitor. This monitor has a display area with a width of 410 mm and a height of 300 mm; that is, the viewable diagonal area was 20 inch. Pilots were seated 2 ft from the CRT monitor, which means the total horizontal field of view was 37.17 deg. During the experiment the resolution of the screen was set to 1024x768 px. The width of both lines of the compensatory display was 2 px or 0.075 deg of visual angle. At the start of each experimental run, the refresh rate of the screen was changed using the display driver. Vertical synchronization (v-sync) was turned on; that is, the frame changes were synchronized to the vertical blanking interval of the CRT.
Pilots provided control inputs using left-right movements of a joystick (Logitech Extreme 3D Pro). This right-handed joystick had a considerable breakout force. Pilots could rest their right arm on an armrest. A stick gain of 3 was used, which means that joystick displacement values ranged from -3 to 3, corresponding to full left and right deflections, respectively.
Participants and Instructions
Ten general aviation pilots participated in the experiment. All pilots were male and between 28 and 41 years old. The average total of flying hours was 3633 with an average of 128 flying hours in the previous six months. Two of the pilots were left handed, but were comfortable giving control inputs with their right hand. None of the pilots were familiar with the type of control task used in this experiment.
Every pilot received a briefing before the start of the experiment. The briefing contained information about the objective, control task and procedures of the experiment. The pilots were also informed about the fact that there would be five different experimental conditions in which the refresh rate would vary. However, the specifics of the conditions were not provided. Pilots were instructed to focus on the middle of the CRT monitor during the experiment. The main instruction was to minimize the error presented on the visual display as best they could.
Procedures
Every experiment run had a length of 90 s. For the first 21.733 s pilots were able to stabilize the controlled dynamics and adjust to the task. Data from these first 21.733 s were discarded for analyses and only data from the last 68.267 s were used as measurement data (see Sec. III.A.1).
During the experiment, the pilot's tracking performance -defined as the root mean square (RMS) of the error signal -was recorded for every run. To motivate the participating pilots to perform at their maximum level of performance, they were informed of the best overall performance across pilots and their own performance after each run.
The experiment had a balanced Latin-square design; that is, the conditions were presented in a quasirandom order. Pilots were not informed about which condition they were performing. A total of 16 runs were performed for each condition of which the first 4 were considered training runs. After these first 4 runs, the experimenter made sure the pilot reached asymptotic performance; that is, attained more or less constant values of the RMS of the error. The last 8 recorded runs for each condition were used for the final data analysis.
Typically, each pilot performed 20 runs between breaks. However, they were encouraged to take a break when feeling any discomfort. Every pilot was able to complete the experiment within 4 h.
Dependent Measures
A number of dependent measures were considered to be of interest for this experiment. First, the performance and control activity of the pilots in the target tracking task were evaluated in terms of the RMS of the error and control signals, respectively. In addition, the pilot frequency response function H p (see Figure 4 ) was identified and parameterized using McRuer's precision model. 10 The estimated pilot model parameters allow for a quantitative analysis of the effects of spatio-temporal aliasing on pilot control behavior. The linear describing function of the precision model is given by:
with K v the visual gain, T lead the visual lead time constant, τ v the sum of the perceptual and motor delays that specify the pilot's equivalent reaction time, and ζ nm and ω nm the neuromuscular damping and frequency, respectively. All these parameters are estimated in the pilot model optimization process. Finally, the effect of the changes in control behavior on the attenuation of the target signal was evaluated from the open-loop response. In the frequency domain, pilot performance is determined by the crossover frequency and phase margin of the open-loop response. Using the identified pilot response functions and the controlled dynamics [Eqs. (2) and (5)], the open-loop response is determined by:
The crossover frequency ω c , is the frequency where the magnitude of the open-loop response crosses the line with a magnitude of 1. The corresponding phase margin ϕ m is the phase difference with -180 deg at the crossover frequency.
B. Hypotheses
Previous experiments on the effects of spatio-temporal aliasing mainly investigated the effects on visual perception in passive tasks.
3 However, there is not much known about the effects of these artifacts on pilot performance in active control tasks. Various experiments have been conducted that demonstrated that visual motion perception was compromised, that is, less lead was generated by the pilot, when visual features such as contrast and color were degraded. 11, 12 It has been suggested that spatio-temporal aliasing has the same effect on pilot performance and control behavior. 13 Therefore, the main hypothesis of this study is that spatio-temporal aliasing will compromise the pilot's ability to generate lead. When the refresh rate of the screen decreases, the artifacts become more apparent, and the visual lead time constant of the pilot model will decrease. Furthermore, it is hypothesized that the visual time delay will increase for decreasing refresh rates. With fewer screen updates per second, more time is needed to process the visual information. An increase in visual time delay when visual information content is degraded has also been shown in previous experiments.
14 These changes in pilot control strategy will be reflected in the pilots' tracking performance as determined by the RMS of the error signal. It is hypothesized that for decreasing refresh rates, performance will degrade. In the frequency domain the degradation in performance will be observed by a decrease in crossover frequency.
IV. Results
This section presents the combined results of the 10 general aviation pilots who performed in the experiment. For every subject and every condition the data are averaged over eight runs. The error bars in the error bar plots are corrected for between-subject variability by normalizing the subject means across conditions. 15 All the data are analyzed using a repeated-measures analysis of variance (ANOVA) to uncover any significant trends. Mauchly's test of sphericity indicated that the assumption of sphericity was met (p > 0.05) for all the ANOVA results and no correction of the data was needed.
A. Tracking Performance and Control Activity
Tracking performance and control activity are evaluated using the RMS of the error and control signals, respectively. Figure 7a depicts the RMS of the error signal. It can be observed that the RMS of the error decreases -that is, performance improves -for higher CRT monitor refresh rates. The ANOVA indicates that this effect is highly significant [F(4, 36) = 15.857, p < 0.001]. The data show a linear trend across the conditions that explains 96% of the variance, as is indicated by polynomial contrasts [F(1, 9) = 51.984, p < 0.001].
refresh rate, Hz The RMS of the velocity of the error signal is depicted in Figure 7b . The velocity also shows a significant decrease for higher refresh rates [F(4, 36) = 8.028, p < 0.001], which is determined to be primarily a linear trend that explains 89% of the variance [F(1, 9) = 19.386, p < 0.005]. Figures 7a and 7b show that pilots were able to compensate for the error more effectively by reducing both the magnitude and the velocity of the error signal. Note that the means of the RMS of the error only cover 2.4 to 2.8 deg of visual angle. The mean RMS values of the velocity are between 7 and 8 deg/s, sufficiently high enough to induce significant spatio-temporal aliasing artifacts. Figure 3 shows that for all conditions aliasing artifacts should be present. Note, however, that this only serves as an indication, as a different task and experiment setup were used to acquire these results. 
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For every condition of every subject the ARX model estimate was calculated using the averaged time-domain data from eight runs to reduce the influence of the pilot remnant. The time delay of the pilot model was included using a fifth-order Padé approximation.
The variance accounted for (VAF) is a measure of how well the linear pilot model can explain the measured experimental data. The VAF highly depends on the control strategy of the pilot, that is, the linearity of the pilot's control action, and the fidelity of the model. For the estimated pilot models, the VAF of the pilot control signal, calculated using the averaged data, was around 90% for eight of the ten pilots, a value also found in previous experiments. 16 For two subjects the VAF was slightly lower at around 83%. Figure 10 depicts the frequency responses of the pilot model and the open-loop for a single pilot. For clarity, only the frequency responses of the lowest and highest tested refresh rates (60 and 120 Hz) are given. A change in control strategy can be seen between the two conditions. From the pilot model and openloop magnitude plots (Figures 10a and 10c ) an increase in pilot gain can be seen for the higher refresh rate. Furthermore an increase in neuromuscular frequency can be observed by the slight shift of the neuromuscular peak to the right. From the phase plots (Figures 10b and 10d ) a decrease in effective time delay can be seen. The frequency responses for the remaining conditions follow the same trend and their magnitude and phase are located between the depicted extremes in Figure 10 . For all pilots similar effects of refresh rate on the pilot model and open-loop frequency responses were observed. The observed change in pilot control strategy can be quantified by inspecting the pilot model parameters of Eq. (5). The means and 95% confidence intervals of the estimated pilot model parameters are shown in Figure 11 . As could be observed from the calculated frequency response functions in Figure 10 , an increase in visual gain for increasing refresh rates can be seen in Figure 11a . This increase in visual gain is significant [F(4, 36) = 3.351, p < 0.05] and polynomial contrasts indicate that the trend is primarily linear and accounts for 89% of the variance [F(1, 9) = 21.691, p < 0.001]. Figure 11c indicates a significant decrease in equivalent visual time delay when the refresh rate increases [F(4, 36) = 16.103, p < 0.001]. This decreasing trend is found to be completely linear, as the linear contrast explains 100% of the variance [F(1, 9) = 60.981, p < 0.001]. The dashed lines show the part of the visual time delay trend that might be explained by the fact that the visual display updates at a higher refresh rate (visual information on the error is available sooner). As can be observed, the actual trend decreases much faster, most likely due to the decrease in spatio-temporal artifacts as the refresh rate increases.
An increase in neuromuscular frequency for increasing refresh rate is observed from Figure 11e In the frequency domain, pilot performance is characterized by properties of the open-loop frequency response, such as the crossover frequency and phase margin (Figure 12 ). Figure 12a depicts the mean and 95% confidence intervals for the crossover frequency for every condition. An increase in crossover frequency can be observed for increasing refresh rates. This is a significant effect [F(4, 36) = 3.173, p < 0.05] and the trend is found to be primarily linear, explaining 72% of the variance [F(1, 9) = 31.960, p < 0.001]. A similar increasing trend appears for the phase margin in Figure 12b , suggesting increased stability margins when the refresh rate is increased. However, this trend is not found to be significant [F(4, 36) = 1.560, p > 0.05]. 
V. Discussion
For a given human visual temporal sensitivity, refresh rate, and maximum spatial frequency, the intensity of spatio-temporal artifacts is dependent on the velocity of the visual stimulus. In this experiment the velocity of the stimulus -the line indicating the error on the compensatory display -is not constant and is dependent on the control action of the pilot. This means that, theoretically, for increasing levels of target-tracking performance, the velocity of the error can be reduced below the velocity threshold where spatio-temporal aliasing becomes apparent. However, Figure 7b indicates that the mean RMS of the error velocity is high enough for all conditions to induce aliasing artifacts. Furthermore, the histogram of the velocity of the error (Figure 8 ) also indicates velocities above 8 deg/s for a significant part of the experiment run. This is also confirmed by observations during the experiment; all pilots indicated the visibility of aliasing artifacts for all conditions. Furthermore, although some pilots were able to observe visible differences between conditions in terms of the intensity of the aliasing artifacts, they were generally not able to indicate whether the current condition had a lower or higher refresh rate compared to other conditions.
The results of the experiment indicate a significant change in pilot control behavior when increasing the refresh rate of the display. This change in control strategy was captured by a change in the estimated pilot model parameters. The visual gain and neuromuscular frequency both increased when the refresh rate was increased, while the visual time delay decreased (Figure 11 ). Similar trends in visual gain, time delay, and neuromuscular frequency have been observed in many experiments on the effects of degrading visual information on pilot control behavior. 11, 12, 14, 18 However, the hypothesized increase in the visual lead time constant for an increase in refresh rate -that is, an increase in the amount of lead generated by the pilotwas not observed in this experiment. Tentatively, this may be explained by the fact that the visual lead time constant is primarily dictated by the requirement to generate lead to compensate for the double-integrator dynamics at higher frequencies. An increase in visual lead time constant for higher refresh rates is not necessary as the controlled dynamics are constant in the experiment. Other simulated piloting tasks where performance is more dependent on the perception of visual motion -such as an autorotative descent and landing, 6 or a yaw capturing task in a helicopter 19 -could be more suitable to reveal a significant change in the pilot's ability to generate lead as refresh rate varies. However, the modeling of pilot control behavior is significantly more difficult for such tasks, as control behavior is more nonlinear.
The decrease in visual time delay observed in Figure 11c could be a direct result of the higher refresh rate of the CRT monitor (visual information on the error is updated at a higher rate), as opposed to a decrease in spatio-temporal aliasing artifacts at these higher refresh rates. This would mean the observed results would be wrongly assigned to the effects of spatio-temporal aliasing. However, as also depicted in Figure 11c , the decrease in visual time delay as a direct result of the increased refresh rate from 60 to 120 Hz can only be 1/120 s. The observed decreasing trend in the estimated visual time delay is much steeper and can therefore not be assigned only to the increased refresh rate, but is likely to have been also caused by a decrease in aliasing artifacts.
The significant change in pilot control behavior observed for an increase in refresh rate resulted in an increase in target-tracking performance. This was indicated by a significant decrease in RMS of the error and error velocity (Figure 7) . Furthermore, an increase in crossover frequency was observed in Figure 12a , indicating increased performance in attenuation of the error signal in the frequency domain.
While the observed effects in the dependent measures noted here were modest, they were limited by the experimental apparatus to a limited field of view. The field of view limited image motion as the stimulus was not allowed to go off the screen. Furthermore, a forcing function that induces faster image motions would be likely to introduce crossover regression. In an actual simulation there can be significant amounts of image motion. Particularly pitch and yaw produce uniform image motion, while roll motion creates significant image motion at a distance from the roll axis. These rotational movements create the potential for spatiotemporal aliasing artifacts to become quite salient. Next steps are to look at the effect of refresh rate for more realistic tasks with a larger field of view.
All the observed significant trends in the data are found to be highly linear according to polynomial contrast analyses. However, it can be expected that when the limits of human temporal sensitivity and spatial acuity are reached, a further increase in refresh rate would not have any effect. When approaching these limits of human visual perception, the trends are not expected to be linear, but to curve to a limit value. A previous experiment found that a refresh rate of approximately 240 Hz eliminates aliasing artifacts completely. 5, 13 In the current experiment the maximum refresh rate of 120 Hz was the highest refresh rate that was supported by the CRT monitor. However, to investigate the trends near the limits of human visual perception, future experiments on the effects of spatio-temporal aliasing on pilot performance in active control tasks should also include refresh rates in excess of 120 Hz if allowed by the display device.
During the experiment, pilots were asked to fixate in the middle of the CRT monitor. However, there were no means available to verify this. It has been shown that the sensitivity to spatio-temporal aliasing depends on whether the image motion is tracked with pursuit eye movements, or whether the eyes are fixated on a fixed point. Aliasing artifacts are much more evident in fixation than pursuit. 5 In future experiments an eye tracker could be used to verify that subjects are indeed fixating on the instructed point. Furthermore, as most piloting tasks require pilots to engage in pursuit eye movements when viewing a simulated out-thewindow display, more research is needed on the effects of aliasing artifacts on pilot performance in active control tasks with pursuit eye movements.
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VI. Conclusions
Ten general aviation pilots participated in an experiment to determine the effects of spatio-temporal aliasing on pilot performance and control behavior in an active control task. Pilots performed a target-tracking task, minimizing the error between the desired and actual controlled system state. In five experimental conditions, the refresh rate of the CRT monitor depicting a compensatory display was varied between 60 and 120 Hz.
Pilot control behavior was significantly affected by a decrease in spatio-temporal aliasing artifacts as the display refresh rate increased. The visual gain and neuromuscular frequency significantly increased and the visual time delay decreased following a linear trend. This change in control strategy allowed for significant better target-tracking performance and an increase in crossover frequency associated with an increase in refresh rate.
